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For decades, research and public discourse about gender and science have often assumed
that women are more likely than men to “leak” from the science pipeline at multiple points
after entering college. We used retrospective longitudinal methods to investigate how
accurately this “leaky pipeline” metaphor has described the bachelor’s to Ph.D. transition
in science, technology, engineering, and mathematics (STEM) ﬁelds in the U.S. since the
1970s. Among STEM bachelor’s degree earners in the 1970s and 1980s, women were less
likely than men to later earn a STEM Ph.D. However, this gender difference closed in the
1990s. Qualitatively similar trends were found across STEM disciplines.The leaky pipeline
metaphor therefore partially explains historical gender differences in the U.S., but no longer
describes current gender differences in the bachelor’s to Ph.D. transition in STEM. The
results help constrain theories aboutwomen’s underrepresentation in STEM.Overall, these
results point to the need to understand gender differences at the bachelor’s level and below
to understand women’s representation in STEM at the Ph.D. level and above. Consistent
with trends at the bachelor’s level, women’s representation at the Ph.D. level has been
recently declining for the ﬁrst time in over 40 years.
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INTRODUCTION
For three decades, research and public discourse about gender
differences in academic science have often focused on the “leaky
pipeline” metaphor (Berryman, 1983; Alper, 1993). According to
this metaphor, women are more likely thanmen to leave science at
multiple time points from the beginning of college through aca-
demic tenure. Scholars from diverse ﬁelds have proposed how
speciﬁc factors such as cognitive abilities, discrimination, and
interests can explain these gender differences in opting out (Ceci
et al., 2009). These interlocking factors could collectively cause
“leaks” at various segments in the science pipeline and therefore
lead to an underrepresentation of women among science Ph.D.
holders and faculty. In this way, the leaky pipeline metaphor has
explicitly and implicitly served as a core theoretical foundation for
several explanations regarding the underrepresentation of women
in science, technology, engineering, and mathematics (STEM)
ﬁelds.
We investigated how accurately the leaky pipeline metaphor
has described the bachelor’s to Ph.D. STEM pipeline in the U.S.
since the 1970s. During this time frame, women’s representation
in STEM ﬁelds has dramatically increased. For instance, women
earned 19% of the U.S.’s bachelor’s degrees in chemistry in 1966,
but earned 48% of them in 20131. The increase in women’s rep-
resentation at the Ph.D. and assistant professorship levels has
also been dramatic (Ceci et al., 2014). Given this rapid change
over time, it is especially worth considering whether the leaky
pipeline metaphor (1) was empirically supported in the past, and
1http://ncsesdata.nsf.gov/webcaspar/
(2) continues to be empirically supported today. Current inaccu-
racies in this metaphor could constrain and potentially prompt
revision of diverse theories about current gender differences in
STEM ﬁelds. Improving such conceptual models could also help
policy makers target when and where to allocate limited resources
for increasing gender diversity in STEM ﬁelds.
Recent research has found some current inadequacies of the
leaky pipeline metaphor (Cannady et al., 2014; Miller et al., under
review). For instance, plugging leaks in the pipeline from the
beginning of college to the bachelor’s degree would fail to substan-
tially increasewomen’s representation amongU.S. undergraduates
in physical science, technology, engineering, and mathemat-
ics (pSTEM) ﬁelds2 (excluding life science and social science).
Women currently earn 25% of pSTEM bachelor’s degrees in the
U.S., and equalizing gender differences in undergraduate pSTEM
retention would only increase this percentage to 27% (Miller et al.,
under review).
Other research has found large gender differences in opting
out exist only in some STEM ﬁelds, but not others. For instance,
the percentage of women among academic biologists substantially
declines from receiving a biology Ph.D. to applying for tenure-
track positions at Research I institutions; this decline suggests a
leaky academic pipeline for female biologists (National Research
Council [NRC], 2010). However, such declines are counterintu-
itively far smaller in the more male-dominated ﬁelds of physics
and engineering (National Research Council [NRC], 2010). This
2Prior research on gender diversity in STEM has often focused on these pSTEM
ﬁelds because women are especially underrepresented in them (Ceci et al., 2014).
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evidence and related studies have indicated that, when describing
academic transitions after the Ph.D., the leaky pipeline metaphor
is less accurate for the more male-dominated STEM ﬁelds – the
ﬁelds for which the metaphor was originally intended (see Ceci
et al., 2014 for a review).
We contribute to this research on persistence in STEM ﬁelds
by investigating men’s and women’s transition from undergradu-
ate to graduate education. During this formative period, students
start to develop identities as scientists and engineers capable of
independently producing scientiﬁc knowledge and technologi-
cal innovations (Herzig, 2004). Several scholars have suggested
that women face more challenges than men in completing this
transition. Such challenges could include gender discrimination
from academic mentors (Moss-Racusin et al., 2012; Milkman
et al., 2014), male advantages on gatekeeper mathematics and
science tests (Wai et al., 2010; Lakin and Gambrell, 2014), con-
cerns about raising young children (Williams and Ceci, 2012),
and support from peers and family (Herzig, 2004). Collectively,
these diverse challenges could present themselves at many points
between earning a bachelor’s andPh.D. degree, including choosing
and then applying to graduate school, getting accepted, choosing
the graduate school and mentor, completing coursework, devel-
oping research ideas and professional relationships, completing
research projects, writing the Ph.D. thesis, and defending the
thesis.
As described above, various factors at multiple time points
could compel women to leave STEM ﬁelds at higher rates during
the transition from the bachelor’s to the Ph.D. degree. However,
empirically investigating such gender differences is methodolog-
ically challenging, especially because (1) few students pursue a
Ph.D. after earning the bachelor’s and (2) the time in between the
bachelor’s and Ph.D. can often exceed a decade (National Science
Board [NSB], 2014). These challenges make prospective longitu-
dinal studies exceptionally expensive, considering the large sample
sizes and long time intervals needed.
Consequently, “[s]tudies of sex differences in Ph.D. comple-
tion are hampered by a lack of data” (Ceci et al., 2014, p.99).
For instance, few research studies have systematically investi-
gated gender differences in Ph.D. completion using representative
samples (though see Xie and Killewald, 2012 for persistence
rates ∼1–2 years after the bachelor’s). Prior studies have instead
used students from self-selected fellowship programs (Bowen and
Rudenstine, 1992; Myers and Pavel, 2011) or non-representative
groups of institutions (Zwick, 1991; Council of Graduate Schools,
2008; Ampaw and Jaeger, 2011).
Other studies (Ceci et al., 2014; Gillen and Tanenbaum, 2014)
have used population-level data to compare artiﬁcial cohorts of
bachelor’s and Ph.D. degree earners (e.g., compare the percent-
age of women among physics bachelor’s degree earners in a given
year and then among physics Ph.D. earners 8 years after). How-
ever, these studies make somewhat restrictive assumptions about
the artiﬁcial cohorts. For example, these methods assume that
students do not switch ﬁelds between the bachelor’s and Ph.D.
degree and that students take similar amounts of time between
the bachelor’s and Ph.D. degree. Hence, results even from these
population-based studies could be strengthened and extended
with alternate methods.
To help overcome these prior limitations, we used nationally
representative samples and retrospective methods to investigate
gender differences in the bachelor’s to Ph.D. STEM pipeline in the
U.S. since the 1970s. As with all retrospective studies, the relevant
events (e.g., earning of bachelor’s and Ph.D. degrees) had already
occurred at the time of the survey; participants simply recalled
their prior educational histories. This retrospective design allowed
us to investigate changes in STEM persistence over three decades –
a unique advantage of a retrospective, compared to prospective,
longitudinal design.
Supplementing these retrospective analyses, cross-sectional
analyses investigated how gender differences in three other char-
acteristics (career goals, employment status, and family outcomes)
varied across cohorts of bachelor’s degree holders. These supple-
mental analyses helpedprovide clues aboutwhybachelor’s toPh.D.
persistence rates might have changed over time.
MATERIALS AND METHODS
OVERVIEW
For this study, the term STEMpersistence rate refers to the percent-
age of students who earned a Ph.D. in a particular STEMﬁeld (e.g.,
engineering) among students who had earlier received bachelor’s
degrees in that sameﬁeld.We estimatedpersistence rates separately
by ﬁeld of study (e.g., engineering vs. physical science), bachelor’s
degree cohort (e.g., 1980s vs. 1990s), and gender. These rates were
estimated by two sets of numbers: (1) numbers of students who
earned a bachelor’s degree in a particular ﬁeld during a certain time
frame and (2) numbers of those students who also later earned a
Ph.D. in that same ﬁeld.We used two national probability samples
to estimate these two sets of numbers: National Survey of College
Graduates (NSCG) and Survey of Doctoral Recipients (SDR).
SAMPLES
The 2010NSCG sample (n= 77,188) provided estimates for num-
bers of bachelor’s degree earners. The NSCG’s target population
was college graduates living in the U.S. in 2010 under 76 years old
who were not institutionalized (Fecso et al., 2012). The 2010 SDR
sample (n = 31,462) provided estimates for numbers of Ph.D.
earners. The SDR’s target population was a subpopulation of
NSCG’s target population who also earned a Ph.D. from a U.S.
institution in a science, engineering, or health ﬁeld3. Although the
NSCG sample could have also provided estimates for numbers of
Ph.D. earners, the SDR sample provided more precise estimates
given its exclusive focus on Ph.D. earners.
ANALYZED VARIABLES
In both the NSCG and SDR surveys, participants were asked to
recall their educational histories (e.g., the ﬁeld of study and year
of their ﬁrst bachelor’s degree). Although retrospective studies
such as ours can often have various recall biases (e.g., students
misremembering how interested they were in science as children),
it is unlikely that participants systematically misremembered con-
crete details such as what year they earned their ﬁrst bachelor’s
degree. These educational histories, participants’ demographics,
and probability survey weights formed the basis for our analyses.
3http://www.nsf.gov/statistics/srvydoctoratework/
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Ofﬁcials at the National Science Foundation created the survey
weights to adjust for unequal sampling probabilities and non-
response bias (Finamore et al., 2011). All the variables analyzed
were available in the public-use versions of the 2010 NSCG and
SDR surveys, which can be downloaded from the National Sci-
ence Foundation’s website4. Lists of the analyzed variables and R
analysis scripts are available in the supplemental materials for this
paper.
DEFINITION OF STEM FIELDS
We separated the category of “STEM” into ﬁve major subcat-
egories as deﬁned by the National Science Foundation’s clas-
siﬁcation system: (1) computer and mathematical science, (2)
engineering, (3) life science, (4) physical science, (5), and social
science (National Science Board [NSB], 2014). We also estimated
persistence rates for pSTEM ﬁelds as a collective whole (cate-
gories #1, #2, and #4), given the focus on these ﬁelds in prior
research on gender diversity in STEM (e.g., Riegle-Crumb et al.,
2012).
ESTIMATING PERSISTENCE RATES
We divided participants into cohorts based on ﬁeld of study and
year of the ﬁrst bachelor’s degree (e.g., individuals who earned
their ﬁrst bachelor’s degree in engineering during 1976–1980).
The NSCG sample provided estimates on the size of these cohorts.
The SDR sample provided estimates on the numbers of Ph.D.
holders within these cohorts (e.g., individuals who earned their
ﬁrst bachelor’s degree in engineering during 1976–1980 and who
also earned an engineering Ph.D. before 2010). For any particular
cohort, the persistence rate was estimated by dividing the sum of
relevant SDR survey weights (i.e., the number of Ph.D. holders) by
the sum of corresponding NSCG survey weights (i.e., the number
of bachelor’s degree holders).
Analyses were restricted to U.S. citizens; the high propor-
tion of international students among U.S. Ph.D. earners, but
not bachelor’s degree earners, could have artiﬁcially inﬂated esti-
mates of persistence rates (Xie and Killewald, 2012). Analyses
included cohorts of students who earned their ﬁrst bachelor’s
degree between the years 1971–2000. These cohorts were divided
into 5-year intervals (e.g., 1971–1975, 1976–1980, etc.) to increase
sample sizes for individual cohorts and thus reduce ﬂuctuations
due to noise. See Table 1 for sample sizes.
ESTIMATING STANDARD ERRORS
The 2010NSCGsurvey used a complex two-phase sampling design
inwhich individuals for theNSCGwere sampled fromrespondents
to the 2009 American Community Survey. As such, traditional
approaches for estimating SEs in survey research (e.g., analyti-
cal formulas, jackknife replicates) are no longer appropriate. We
therefore contacted the National Center for Science and Engineer-
ing Statistics and obtained custom SEs for this study’s speciﬁc
estimates. These SEs were estimated using successive difference
replication, which is appropriate for such two-phase sampling
designs (White, 2014; Opsomer et al., under review). The sample
design for the SDR survey was less complex and we therefore used
4http://sestat.nsf.gov/datadownload/
Table 1 | Sample sizes by cohort, field of bachelor’s degree, and
gender.
Field of bachelor’s degree
Cohort Engineering Life
science
Math/
computer
science
Physical
science
Social
science
National Survey of College Graduates
′71–5 1073 543 275 347 1034
40 271 146 109 825
′71–75 1116 584 250 407 839
127 469 162 117 851
′81–85 1553 426 373 468 653
284 376 239 186 777
′86–90 1483 323 564 306 695
292 377 330 167 886
′91–95 1361 411 439 264 782
329 440 275 135 1285
′95–00 1197 487 487 250 731
338 659 270 195 1296
Survey of Doctorate Recipients
′71–75 297 482 137 492 516
18 212 61 87 346
′71–75 361 538 154 475 395
34 315 47 135 341
′81–85 584 423 159 559 309
94 291 63 195 355
′86–90 497 377 174 406 314
120 338 62 189 407
′91–95 392 396 151 378 331
132 390 90 182 558
′95–00 259 420 106 303 254
120 425 66 180 428
Blue entries refer to men, and red entries refer to women.
Source: 2010 National Survey of College Graduates and 2010 Survey of Doctoral
Recipients.
standard “equivalent sample size” formulas to derive SEs for the
SDR estimates (Potthoff et al., 1992).
ACCOUNTING FOR THE LENGTH OF TIME BETWEEN DEGREES
By restricting analyses to cohorts in the year 2000 and before, we
allow for at least 10 years between when students earned their ﬁrst
bachelor’s degree and when the surveys were conducted in 2010.
Nevertheless, estimates especially for the last cohort (1996–2000)
should be interpreted somewhat cautiously because a non-trivial
proportion of students may earn Ph.D.’s after 2010.
The time in between the ﬁrst bachelor’s degree andPh.D. degree
can be long. For instance, among U.S. citizens earning pSTEM
Ph.D.’s in the U.S. between 2000 and 2010, the time in between
degrees exceeded 10 years in 26% of cases, 15 years in 11% of
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cases, and 20 years in 7% of cases5. Given this long time between
degrees, bachelor’s to Ph.D. persistence rates were likely somewhat
underestimated especially among later cohorts (e.g., those who
earned ﬁrst bachelor’s degree in 1996–2000).
For these reasons above, we conducted additional analyses
that compared persistence rates across cohorts based on the same
length of time after the ﬁrst bachelor’s degree. For instance, we
compared persistence rates for the 1986–1990 cohort based on
Ph.D.’s earned by 2000 with the persistence rates for the 1996–
2000 cohort based on Ph.D.’s earned by 2010. Such additional
analyses effectively control for the confound between cohort and
length of time after the bachelor’s degree.
ACCOUNTING FOR SAMPLE RESTRICTIONS
In both the NSCG and SDR samples, the target populations were
restricted to non-institutionalized individuals living in the U.S.
in 2010 aged 75 years old or younger. These restrictions on the
target populations likely had only modest effects on our estimates.
For instance, the restriction to non-institutionalized populations
likely had little inﬂuence because of low incarceration rates among
college-educated populations (Lochner and Moretti, 2004). The
age restrictionmight havemodestly inﬂuenced estimates especially
for the oldest cohort (1971–1975). The age restriction, for instance,
would have excluded individuals who earned their ﬁrst bachelor’s
degree in 1971past the age of 36 years. However, few students in the
U.S. earn bachelor’s degrees past the age of 36 years. For instance,
only 3% of pSTEM bachelor’s degrees in 1993 were awarded to
students older than 36 years6. Finally, the restriction to individuals
living in the U.S. likely had small effects on our estimates because
few U.S. bachelor’s degree earners move outside the U.S. after
college graduation. For instance, less than 1%of pSTEMbachelor’s
degree holders in 1993 moved outside the U.S. by the year 20035.
INTERACTIVE WEBSITE
We made an interactive website7 of our results to help interested
readers inspect the effects of alternate analytic decisions (e.g.,
effects of using an alternate grouping of STEM ﬁelds or including
non-U.S. citizens). All code to make this interactive website is also
available in the supplemental materials.
RESULTS
RESULTS FROM RETROSPECTIVE METHODS
Among students earning pSTEM bachelor’s degrees in the 1970s
and1980s,womenwere 0.6–0.7 times as likely asmen to later earn a
pSTEMPh.D. (Figure 1). However, this gender difference closed in
the 1990s. Gender differences in persistence rates were statistically
signiﬁcant for cohorts in the 1970s and 1980s (all ps< 0.0005), but
not in the 1990s (both ps> 0.60). See Table 2 for count estimates
thatwere used for calculation of persistence rates and SE for gender
differences in persistence rates.
5These estimates were calculated from the NSCG sample. Variables to compute the
exact number of years between the ﬁrst bachelor’s degree and Ph.D. degree were not
available in the public-use SDR dataset.
6These estimates were based on our own analysis of the 1993 Baccalaureate and
Beyond study, which can be analyzed on the PowerStats website for the National
Center for Educational Statistics (http://nces.ed.gov/datalab/powerstats/).
7http://d-miller.shinyapps.io/bachelorsPHD
FIGURE 1 | Bachelor’s to Ph.D. STEM persistence rates by gender and
bachelor’s degree cohort (excluding life and social science). Rates
especially for the last cohort (1996–2000) should be interpreted cautiously
because a non-trivial proportion of students may earn Ph.D.’s in the future.
Source: 2010 National Survey of College Graduates and 2010 Survey of
Doctoral Recipients.
As shown in Figure 2, similar results were found when dis-
aggregating pSTEM ﬁelds (engineering, mathematics/computer
science, physical science). Life science also showed a similar recent
convergence between men and women. Social science had male
advantages in persistence rates among cohorts in the 1970s, small
non-signiﬁcant female advantages in the early 1980s, and little to
no gender differences since the late 1980s. Reasons for these con-
vergences among cohorts in the 1990s varied across disciplinary
ﬁelds (e.g., sometimes the convergence was driven by declines
in men’s rates or increases in women’s rates, or both). No gen-
der difference in persistence rates was signiﬁcant for these 1990s
cohorts (all ps> 0.19, except p = 0.054 for the 1991–1995 mathe-
matics/computer science cohort). See Supplementary Table 1 for
count estimates and SE across disaggregated ﬁelds.
As discussed earlier (see Accounting for the Length of Time
betweenDegrees), one concern about these results was that cohort
was confoundedwith the length of time after the bachelor’s degree.
The analyses shown in Figure 3 controlled for this confound by
comparing pSTEM persistence rates over time using the same
length of time after the bachelor’s degree. As shown, results were
qualitatively similar compared to Figure 1: male advantages in
pSTEM persistence rates were found in earlier cohorts in the
1970s, but not in later cohorts in the 1990s. Results were similarly
unchanged for the groupings of STEM ﬁelds shown in Figure 2;
see the interactive website for detailed results7.
RESULTS FROM CROSS-COHORT COMPARISONS
The results for persistence rates help to explain the continual
increases in women’s representation among STEM Ph.D. hold-
ers. As shown in Figure 4, women earned less than 3% of the
U.S.’s pSTEM Ph.D.’s in 1966, but earned 27% of them in 2012.
This increase in women’s representation at the Ph.D. level has been
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Table 2 | Count estimates and gender differences in persistence rates for pSTEM fields.
Count estimates
Bachelor’s Ph.D. Persistence rates
Cohort Female Male Female Male Difference SE p
’71–’75 77450 454251 2477 23098 1.89 0.51 <0.001
’76–’80 114323 448251 3838 25163 2.26 0.46 <0.001
’81–’85 185007 646401 6401 34129 1.82 0.37 <0.001
’86–’90 238176 635401 6385 26020 1.41 0.30 <0.001
’91–’95 174975 541446 5960 19085 0.12 0.34 0.727
’96–’00 196555 472214 5535 14065 0.16 0.31 0.604
“Difference” refers to the percentage point difference in men’s minus women’s persistence rate. ps < 0.05 are bolded.
FIGURE 2 | Disaggregated bachelor’s to Ph.D. STEM persistence rates by gender and bachelor’s degree cohort. Rates especially for the last cohort
(1996–2000) should be interpreted cautiously because a non-trivial proportion of students may earn Ph.D.’s in the future. Source: 2010 National Survey of
College Graduates and 2010 Survey of Doctoral Recipients.
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FIGURE 3 | Bachelor’s to Ph.D. STEM persistence rates by gender and
bachelor’s degree cohort awarded (excluding life and social science),
holding constant the length of time after the first bachelor’s degree.
For instance, rates for the 1996–2000 cohort were based on Ph.D.s earned
by 2010, rates for the 1991–1995 cohort were based on Ph.D.s earned by
2005, rates for the 1986–1990 cohort were based on Ph.D.s earned by
2000, and so on. Source: 2010 National Survey of College Graduates and
2010 Survey of Doctoral Recipients.
FIGURE 4 |Women’s representation among STEM bachelor’s and Ph.D.
degree earners by year of degree awarded (excluding life and social
science). Ph.D. data after 2012 are not available. Source:WebCASPAR
Integrated Science and Engineering Resource Data System (2014).
steady over these four decades, and qualitatively similar trends are
found across all STEM disciplines (e.g., life science and physics;
Ceci et al., 2014).
Our results indicate that changes over time at the Ph.D. level
can be attributed to twomajor factors: (1) the increase of women’s
representation at the bachelor’s level among cohorts in the early
1970s to mid 1980s (Figure 4), and (2) the narrowing of gender
differences in persistence rates among bachelor’s degree cohorts in
the early 1980–1990s (Figures 1 and 2).
Although women’s representation among pSTEM Ph.D. hold-
ers has been continually increasing since the 1970s, this trend may
not continue in the future for two major reasons: (1) women’s
representation among STEM bachelor’s degree holders has been
declining since 2000 (Figure 4), and (2) gender differences in
STEMpersistence rates have already closed (Figures 1 and 2). Cur-
rent data indicate that women’s representation at the Ph.D. level
has started to decline for the ﬁrst time in over 40 years. The percent
women among pSTEM Ph.D.’s awarded to U.S. citizens peaked at
28% in 2009 and has been declining ever since (Figure 4). Women
would need to overtake men in bachelor’s to Ph.D. STEM persis-
tence rates to reverse this trend. Otherwise, this trend will likely
continue over the next few years.
CHANGES IN OTHER CHARACTERISTICS AMONG BACHELOR’S DEGREE
HOLDERS
To help place the bachelor’s to Ph.D. persistence ﬁndings in con-
text, we investigated changes in other characteristics (e.g., career
goals) for our focal bachelor’s degree holder population (i.e., U.S.
citizens who earned a pSTEM bachelor’s degree during the years
1971–2000). These supplemental analyses used the NSCG data
to characterize this focal population. Results revealed some sta-
ble gender differences regarding career goals (e.g., men were more
likely to rate salary as a very important factor when thinking about
a job, and women were more likely to rate contribution to society
as very important) and employment outcomes (e.g., men were
more likely than women to be working in 2010, working women
were more likely than working men to be precollege teachers) in
this focal population. However, these gender differences generally
showed no consistent increase or decrease across cohorts; see the
interactive website for complete, detailed results. Hence, gender
differences in these characteristics likely cannot explain the cross-
cohort changes observed for bachelor’s to Ph.D. persistence rates.
Gender differences in having children and getting married were
small across the cohorts and therefore also likely cannot explain
the changes in persistence rates.
DISCUSSION
The leaky pipelinemetaphor has partially explained historical gen-
der differences in theU.S., but it no longer describes current gender
differences in the bachelor’s to Ph.D. transition in STEM. Remark-
ably, these recent convergences in persistence rates were found in
all major groups of STEM ﬁelds (i.e., engineering, life science,
mathematics, and computer science, social science, and physical
science). These results align with and extend other recent studies
that used alternate methods to investigate the bachelor’s to Ph.D.
transition (Ceci et al., 2014; Gillen and Tanenbaum, 2014). Our
study helps to place these recent convergences in historical con-
text; some of the mixed results in prior literature likely reﬂect
genuine change over time (e.g., Zwick, 1991; Herzig, 2004; Coun-
cil of Graduate Schools, 2008; Gillen and Tanenbaum, 2014). Male
Ph.D. holders still outnumber female Ph.D. holders by approxi-
mately three to one in pSTEMﬁelds. However, our results indicate
that gender differences in bachelor’s to Ph.D. persistence rates
no longer help to explain this male overrepresentation. In fact,
women’s representation in pSTEM is now higher at the Ph.D. than
bachelor’s level.
Reasons for the convergences in persistence rates remain
unclear. Sometimes the convergence was driven by declines in
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men’s rates (e.g., in mathematics/computer science), increases
in women’s rates (e.g., in physical science), or both (e.g., in
engineering). Our results helped eliminate potential hypothe-
ses for these changes over time. For instance, convergences
in persistence rates were likely unrelated to changes in some
characteristics among bachelor’s degree holders. For instance,
among pSTEM bachelor’s degree holders, gender differences
in career goals and employment outcomes generally showed
no consistent increase or decrease across the relevant cohorts.
To explore other hypotheses, future research should investigate
how changes in doctoral education might help account for the
changes in persistence rates. For instance, gender diversity ini-
tiatives at the graduate level might have helped increase women’s
rate of persisting in a doctoral program after entering graduate
school.
THEORETICAL IMPLICATIONS: GENERAL
Regardless of reasons why persistence rates might have changed
over time, the recent convergences between women’s and men’s
rates inform theories about women’s current representation in
STEM. The convergences in rates may seem surprising given the
multitude of factors that could cause women to leave STEM ﬁelds
at higher rates than men (e.g., gender discrimination, gender-
science stereotypes, right tail differences in cognitive abilities, or
a combination of multiple factors). As reviewed in the introduc-
tion, many theories of women’s underrepresentation in STEM
have often either explicitly or implicitly assumed that women
are less likely than men to persist and pursue doctoral training
in STEM. However, our results indicate that this foundational
assumption may have been accurate in the past, but is no longer
accurate.
One possible interpretation of recent gender similarity is that
some factors could createmale advantages in persistence rates (e.g.,
factors such as discrimination, right tail ability differences), but
other factors create female advantages. For instance, self-selection
among STEM undergraduates might create female advantages at
the graduate level. As Hunt (2012, p. 1) hypothesized, various
obstacles that female STEMundergraduates may face could“cause
women entering science and engineering to be more positively
selected for interest and aptitude than their male counterparts.” In
other words, given the obstacles for female STEMundergraduates,
only women with the strongest interest and aptitude for STEM
would successfully earn STEM bachelor’s degrees.
This self-selection hypothesis, however, does not seem to align
with the changes over time that we found. If anything, obstacles
facing female STEMundergraduates were likelymore extreme ear-
lier in time when fewer women were earning STEM bachelor’s
degrees (Ceci et al., 2014) and gender-science stereotypes were
stronger (Miller et al., under review). According to this hypoth-
esis, self-selection among female STEM undergraduates might
have then been stronger in the 1970s and 1980s, meaning that
those women might have been especially likely to pursue doc-
toral education. However, our results contradict this prediction
because male advantages in persistence rates were larger earlier
in time.
Another possible interpretation of these results is that various
factors such as gender discrimination may not contribute
substantially to current gender differences in bachelor’s to Ph.D.
STEM persistence rates. In the following section, we consider
this possibility for two speciﬁc factors especially relevant to doc-
toral education: gender discrimination among academic mentors
and right tail differences in cognitive abilities. Of course, these
possibilities are not necessarily mutually exclusive with the one
discussed earlier (i.e., some factors such as self-selection create
female advantages in persistence rates).
THEORETICAL IMPLICATIONS: GENDER DISCRIMINATION
Two recent ﬁeld experiments found that STEM faculty’s biases
favor male students on average (Moss-Racusin et al., 2012; Milk-
man et al., 2014). For instance, in one nationally representative
sample, STEM faculty ignored emails more frequently from
prospective female graduate students than prospective male grad-
uate students (Milkman et al., 2014). Such biases might therefore
create a “leaky pipeline” for female STEM college majors by dis-
couraging them from applying to graduate school or impeding
their academic progress once in graduate school. However, our
results do not agree with this basic prediction. Men and women
now persist at roughly equal rates in STEM ﬁelds between the
bachelor’s and Ph.D. degree, despite evidence of pro-male biases
among academic mentors (Moss-Racusin et al., 2012; Milkman
et al., 2014).
One possibility is that STEM faculty’s biases favor male stu-
dents on average, but women overcome these biases by persisting
at equal rates compared to men. Some empirical evidence sup-
ports this hypothesis. For instance, Milkman et al.’s (2014) study
found biases favoring White males in nearly all academic ﬁelds.
However, the size of the gender discriminatory gap in a particular
academic ﬁeld did not predict the representation of women in that
ﬁeld at the Ph.D. or faculty level. For instance, compared to non-
STEM faculty, STEM faculty were not particularly biased against
women. In fact, gender discrimination against White females was
stronger among faculty inhealthﬁelds than in themale-dominated
ﬁelds of computer science and engineering (Milkman et al., 2014,
Figure 1B). These results demonstrate that stronger pro-male
biases do not necessarily translate to a lower representation of
women at the Ph.D. or faculty level (see Ceci et al., 2014 for dis-
cussion of other related studies about gender discrimination in
academic science).
These considerations above should not be used to discount
the crucial importance of accurately assessing and changing gen-
der biases in science. Gender discrimination can negatively affect
many potential outcomes other than the numeric percentage of
women in STEM ﬁelds. For instance, gender discrimination may
cause somewomen to not feel respected or limitwomen’s equitable
access to resources (e.g., equal salaries). Such realizations raise the
question of whether diversity initiatives in STEM should focus
more on increasing the representation of particular groups (e.g.,
women, non-Asian racial minorities) or improving the quality of
experiences for members of those groups.
THEORETICAL IMPLICATIONS: COGNITIVE ABILITIES
Some scholars have proposed that gender differences in mathe-
matics and science reasoning performance might partially con-
tribute to the underrepresentation of women in academic science
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(Benbow, 1988;Wai et al., 2010; Ceci et al., 2014). Although males
and females often perform similarly on standardized mathemat-
ics tests on average, males are overrepresented in the right tail
of mathematics and science reasoning performance (e.g., top 5%
of performance or higher; Wai et al., 2010; Miller and Halpern,
2014). These right tail differences could be related to women’s
representation among STEM Ph.D. holders because such individ-
uals disproportionately come from this right tail of performance
(Lubinski and Benbow, 2006) and individual differences in SAT-
Mathematics scores at age 12 predict later differences in earning
STEM Ph.D.’s even within the top 1% of performance (Wai et al.,
2005).
Although these right tail differences could be relevant to
women’s representation at the Ph.D. level, they are likely less
relevant to representation at the bachelor’s level. Many students
successfully earn STEM bachelor’s degrees without being in the
right tail of mathematics performance (though see Hsu and
Schombert, 2010 for additional discussion). For instance, only
one-ﬁfth (18%) of STEM bachelor’s degree holders in 20088 had
received a SAT-Mathematics score above 7009 in high school. Right
tail differences inmathematics performance therefore likely do not
substantially contribute to women’s representation in STEM ﬁelds
at the bachelor’s level; longitudinal studies support this hypothesis
(Riegle-Crumb et al., 2012).
If extremely high mathematics performance is required at the
Ph.D. but not bachelor’s level, right tail differences in performance
might be especially important for persisting from the bachelor’s to
Ph.D. degree. For instance, low scores on challenging gatekeeper
tests (e.g., GRE-Mathematics) could directly reduce students’ like-
lihood of being admitted to a STEM Ph.D. program. Hence, if
right tail gender differences contribute to women’s representation
among STEM Ph.D. holders, one might predict these right tail
differences do so through their inﬂuence on persisting from the
bachelor’s to Ph.D. degree.
Our results, however, do not agree with this basic prediction
because men and women now persist at equal rates from the bach-
elor’s to Ph.D. in various STEM disciplines. Moreover, in pSTEM
ﬁelds, men and women also persist at equal rates in the academic
pipeline past the Ph.D. (see Ceci et al., 2014 for a review). For
instance, in physical science and engineering ﬁelds, female and
male Ph.D. holders are equally likely to earn assistant professor-
ships (National Research Council [NRC], 2010) and academic
tenure (Ginther and Kahn, 2009; Kaminski and Geisler, 2012;
National Research Council [NRC], 2010). Hence, despite males
outnumbering females in the top fraction of math and science rea-
soning performance (Wai et al., 2010; Miller and Halpern, 2014),
males and females now persist at equal rates in the most intellec-
tually challenging segments of the academic pipeline (e.g., earning
Ph.D.’s and academic tenure) in some of the most math-intensive
STEM ﬁelds (e.g., physical science and engineering). These results
8These estimates were based on our own analysis of the 2008 Baccalaureate and
Beyond study, which can be analyzed on the PowerStats website for the National
Center for Educational Statistics (http://nces.ed.gov/datalab/powerstats/).
9SAT-Mathematics scores of 700+ corresponded to the top ∼5–10% of per-
formance among the SAT test-taking population. See http://professionals.
collegeboard.com/profdownload/sat_percentile_ranks_2008_males_females_total_
group_math.pdf
suggest women’s underrepresentation among high mathemat-
ics performers might be a more minor factor contributing to
women’s underrepresentation among pSTEM Ph.D. holders and
faculty.
WHAT IS THE RIGHT METAPHOR?
Our research shows that the leaky pipeline metaphor is a dated
description of gender differences in the transition between earn-
ing bachelor’s and Ph.D. degrees in STEM in the U.S. Related
prior research indicates that the pipeline metaphor is also mis-
leading for some other academic pathways in STEM. For instance,
the metaphor fails to acknowledge the multiple entry points into
STEM prior to the bachelor’s degree. Many students success-
fully earn STEM bachelor’s degrees despite not having traveled
the traditional STEM “pipeline.” In one nationally representative
study, 39% of STEM bachelor’s degree earners had not intended
to enter STEM when asked in either 8th or 12th grade of sec-
ondary education (Cannady et al., 2014). Moreover, in another
nationally representative sample, female science and engineering
majors were likely to have joined STEM for the ﬁrst time dur-
ing college than have entered college already intending to major in
STEM(Xie and Shauman,2003). AsCannady et al. (2014, pp. 447–
448) argued, such results make “the pipeline an ill-suited frame to
understand STEM identity formation, particularly for women and
underrepresented minorities.”
Nevertheless, the pipeline metaphor may be an apt descrip-
tion of academic transitions after the Ph.D. Academic pathways
are considerably more rigid after the Ph.D. degree than before the
bachelor’s degree. For instance, transitioning from a humanities
Ph.D. to physical science tenure-track position would be nearly
impossible without a physical science Ph.D.; the analogous tran-
sition between high school and college would be relatively open.
However, as reviewed earlier, the post-Ph.D. academic pipeline
leaks more women than men only in some STEM ﬁelds such as
life science, but surprisingly not the more male-dominated ﬁelds
of physical science and engineering (Ceci et al., 2014).
Although the leaky pipeline metaphor may aptly describe the
post-Ph.D. pathways in life science, the metaphor as a whole
may nevertheless do more harm than good. It is an inappropri-
ate description for nearly all other academic pathways in STEM.
Moreover, themetaphormay even burden somewomenwho leave
academic science with a sense of guilt about being “leaks” in the
pipeline. The Twitter user biochembelle wrote that, “Sometimes
I think the way we talk about women in science and the ‘leaky
pipeline’ makes more guilt for women to follow paths they want”
(post on 26 August 2013). This sentiment resonated with other
users who replied with tweets such as, “Every time someone talks
about the ‘leaky pipeline,’ they are calling me a ‘drip”’ (user elak-
dawalla, tweet also on 26 August 2013). See Figure 5 for other
selected responses or the associated blog post by biochembelle for
additional discussion10. These examples are of course anecdotal,
but help illustrate how some individuals are personally impacted
by the metaphor.
Along with other researchers (e.g., Xie and Shauman, 2003;
Cannady et al., 2014), we propose replacing the metaphor of a
10http://biochembelle.com/2013/08/28/the-pipeline-isnt-leaky/
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FIGURE 5 | Screenshots from aTwitter conversation regarding the
“leaky STEM pipeline,” initiated by user biochembelle on 26 August
2013. For further discussion, see http://biochembelle.com/2013/08/28/
the-pipeline-isnt-leaky/. Twitter usernames are shown only for users who
gave explicit permission.
singular pipeline with a network of multiple pathways into and
out of STEM. This concept of pathways more accurately describes
the multiple entry points into STEM prior to the bachelor’s
degree. The idea also more positively portrays women who leave
academic science as women pursuing other potentially fulﬁlling
goals outside of academia (Webb et al., 2002; Xie and Killewald,
2012). And perhaps most importantly, this reconceptualization
provides policymakers and educators with a wider range of strate-
gies for increasing diversity in STEM. For instance, compared
to “plugging the leaky pipeline” for female STEM undergrad-
uates, equalizing gender differences in rates of joining STEM
from non-STEM ﬁelds would more potently increase women’s
representation among STEM bachelor’s degrees (Miller et al.,
under review).
LIMITATIONS
The retrospective methods we used extended and comple-
mented prior methods for studying gender differences in
bachelor’s to Ph.D. persistence rates (e.g., Ceci et al., 2014;
Gillen and Tanenbaum, 2014). However, the use of retrospective
methods also limited our inferences to a subpopulation of degree
earners whowere included in the surveys’ target populations: non-
institutionalized adults aged 75 years or younger living in the U.S.
in 2010. However, as discussed earlier (see Accounting for Sample
Restrictions), this limitation likely did not introduce large biases
into our results. Our conclusions were also restricted to the U.S.,
though the retrospective methods that we used could be applied
to any other nation with appropriate data.
Cohort was confounded with the length of time after the bach-
elor’s degree (see Accounting for the Length of Time between
Degrees). As such, estimated persistence rates may have been
modestly underestimated especially among the later cohorts; a
non-trivial proportion of those students may earn Ph.D.’s after
when the surveys were conducted in 2010. Importantly, however,
our cross-cohort results were qualitatively similar when holding
constant the length of time after the bachelor’s degree (e.g., see
Figure 3). Hence, this limitation cannot account for the changes
in gender differences over time. Future changes in persistence
rates are unclear. Gender gaps could reemerge in the future,
although our data offer no particular indication that they will
reemerge.
Our methods revealed changes in persistence rates over time,
but not in other outcomes relevant to doctoral education (e.g.,
performance in graduate school, subjective experiences of stu-
dents). As we discussed earlier, future research should investigate
whether some factors such as gender discrimination affect these
other outcomes without substantially affecting persistence rates.
Finally, continuing to investigate why persistence rates changed
over time would also be invaluable.
CONCLUSION
Overall, these results and supporting literature point to the need
to understand gender differences at the bachelor’s level and below
to understand women’s representation in STEM at the Ph.D. level
and above. Women’s representation in computer science, engi-
neering, and physical science (pSTEM) ﬁelds has been decreasing
at the bachelor’s level during the past decade. Our analyses indicate
that women’s representation at the Ph.D. level is starting to follow
suit by declining for the ﬁrst time in over 40 years (Figure 2).
This recent decline may also cause women’s gains at the assis-
tant professor level and beyond to also slow down or reverse in
the next few years. Fortunately, however, pathways for entering
STEM are considerably diverse at the bachelor’s level and below.
For instance, our prior research indicates that undergraduates who
join STEM from a non-STEM ﬁeld can substantially help the U.S.
meet needs for more well-trained STEM graduates (Miller et al.,
under review). Addressing gender differences at the bachelor’s level
could have potent effects at the Ph.D. level, especially now that
women andmen are equally likely to later earn STEM Ph.D.’s after
the bachelor’s.
ACKNOWLEDGMENTS
This research was supported by a NSF Graduate Research Fel-
lowship awarded to D. I. Miller (DGE-0824162). We thank John
Finamore at the National Center for Science and Engineering
Statistics for his generous efforts to help derive SEs for this study.
www.frontiersin.org February 2015 | Volume 6 | Article 37 | 9
Miller andWai Gender differences in the bachelor’s to Ph.D. pipeline
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online
at: http://www.frontiersin.org/journal/10.3389/fpsyg.2015.00037/
abstract
REFERENCES
Alper, J. (1993). The pipeline is leaking women all the way along. Science 260,
409–411. doi: 10.1126/science.260.5106.409
Ampaw, F. D., and Jaeger, A. J. (2011). Understanding the factors affecting degree
completion of doctoral women in the science and engineering ﬁelds. New Dir.
Inst. Res. 152, 59–73. doi: 10.1002/ir.409
Benbow, C. P. (1988). Sex differences in mathematical reasoning ability among
the intellectually talented: their characterization, consequences, and possible
explanations. Behav. Brain Sci. 11, 169–183.
Berryman, S. E. (1983). Who will do Science? Trends, and their Causes in Minority
and Female Representation among Holders of Advanced Degrees in Science and
Mathematics. New York, NY: Rockefeller Foundation.
Bowen, W. G., and Rudenstine, N. L. (1992). In Pursuit of the Ph.D. Princeton, NJ:
Princeton University Press. doi: 10.1515/9781400862474
Cannady, M. A., Greenwald, E., and Harris, K. N. (2014). Problematizing the
STEM pipeline metaphor: is the STEM pipeline metaphor serving our stu-
dents and the STEM workforce? Sci. Educ. 98, 443–460. doi: 10.1002/sce.
21108
Ceci, S. J., Ginther, D. K., Kahn, S., and Williams, W. M. (2014). Women in aca-
demic science: a changing landscape. Psychol. Sci. Public Interest 15, 75–141. doi:
10.1177/1529100614541236
Ceci, S. J.,Williams,W.M., and Barnett, S.M. (2009).Women’s underrepresentation
in science: sociocultural and biological considerations. Psychol. Bull. 135, 218–
261. doi: 10.1037/a0014412s
Council of Graduate Schools. (2008). Ph.D. Completion and Attrition: Analysis of
Baseline Demographic Data from the Ph.D. Completion Project. Washington, DC:
Council of Graduate Schools.
Fecso, R. S., Frase,M. J., andKannankutty,N. (2012).Using theAmerican community
survey as the sampling frame for the national survey of college graduates. Working
Paper NCSES 12-201. Arlington, VA: National Science Foundation.
Finamore, J., Cohen, S., Hall, D., Walker, J., and Jang, D. (2011). “NSCG estimation
issueswhenusing anACS-based sampling frame,” in JSMProceedings (Alexandria,
VA: ASA), 4408–4422.
Gillen, A., and Tanenbaum, C. (2014). Broadening Participation in Stem Graduate
Education. Washington, DC: American Institutes for Research.
Ginther, D. K., and Kahn, S. (2009). “Does Science PromoteWomen? Evidence from
Academia 1973-2001,” in Science and Engineering Careers in the United States, eds
R. B. Freeman and D. F. Goroff (Chicago, IL: University of Chicago Press for
NBER).
Herzig, A. H. (2004). Becoming mathematicians: women and students of color
choosing and leaving doctoral mathematics. Rev. Educ. Res. 74, 171–214. doi:
10.3102/00346543074002171
Hsu, S. D. H., and Schombert, J. S. (2010). Nonlinear Psychometric Thresholds for
Physics and Mathematics. Available at: http://arxiv.org/abs/1011.0663
Hunt, J. (2012). Why do women leave science and engineering? Available at:
http://www.econstor.eu/bitstream/10419/67325/1/727519247.pdf
Kaminski, D., and Geisler, C. (2012). Survival analysis of faculty retention in science
and engineering by gender. Science 335, 864–866. doi: 10.1126/science.1214844
Lakin, J. M., and Gambrell J. L. (2014). Sex differences in ﬂuid reasoning: manifest
and latent estimates from the cognitive abilities test. J. Intell. 2, 36–55. doi:
10.3390/jintelligence2020036
Lochner, L., and Moretti, E. (2004). The effect of education on crime: evidence
from inmates, arrests, and self-reports. Am. Econ. Rev. 94, 155–189. doi:
10.1257/000282804322970751
Lubinski, D., and Benbow, C. P. (2006). Study of Mathematically Preco-
cious Youth after 35 years: Uncovering antecedents for the development of
math-science expertise. Perspect. Psychol. Sci. 1, 316–345. doi: 10.1111/j.1745-
6916.2006.00019.x
Milkman, K. L., Akinola, M., and Chugh, D. (2014). What Happens Before? A Field
Experiment Exploring How Pay and Representation Differentially Shape Bias on the
Pathway into Organizations. Available at: http://ssrn.com/abstract=2063742
Miller, D. I., and Halpern, D. F. (2014). The new science of cognitive sex differences.
Trends Cogn. Sci. 18, 37–45. doi: 10.1016/j.tics.2013.10.011
Moss-Racusin, C. A., Dovidio, J. F., Brescoll, V. L., Graham, M. J., and Handelsman,
J. (2012). Science faculty’s subtle gender biases favor male students. Proc. Natl.
Acad. Sci. U.S.A. 109, 16474–16479. doi: 10.1073/pnas.1211286109
Myers, C. B., and Pavel, D. M. (2011). Underrepresented students in STEM: the
transition from undergraduate to graduate programs. J. Divers. High. Educ. 4,
90–105. doi: 10.1037/a0021679
National Science Board [NSB]. (2014). Science and Engineering Indicators 2014.
Arlington, VA: National Science Foundation.
National Research Council [NRC]. (2010). Gender Differences at Critical Transitions
in the Careers of Science, Engineering, and Mathematics Faculty. Washington, DC:
National Academies Press.
Potthoff, R. F., Woodbury, M. A., and Manton, K. G. (1992). “Equivalent sample
size” and “equivalent degrees of freedom” reﬁnements for inference using survey
weights under superpopulation models. J. Am. Stat. Assoc. 87, 383–396. doi:
10.1080/01621459.1992.10475218
Riegle-Crumb, C., King, B., Grodsky, E., and Muller, C. (2012). The more things
change, the more they stay the same? Prior achievement fails to explain gender
inequality in entry into STEM college majors over time. Am. Educ. Res. J. 49,
1048–1073. doi: 10.3102/ 0002831211435229
Wai, J., Cacchio, M., Putallaz, M., and Makel, M. C. (2010). Sex differences in the
right tail of cognitive abilities: a 30-year examination. Intelligence 38, 412–423.
doi: 10.1016/j.intell.2010.04.006
Wai, J., Lubinski, D., and Benbow, C. P. (2005). Creativity and occupational
accomplishments among intellectually precocious youths: an age 13 to age
33 longitudinal study. J. Educ. Psychol. 97, 484–492. doi: 10.1037/0022-0663.
97.3.484
Webb, R. M., Lubinski, D., and Benbow, C. P. (2002). Mathematically facile
adolescents with math/science aspirations: new perspectives on their edu-
cational and vocational development. J. Educ. Psychol. 94, 785–794. doi:
10.1037/0022-0663.94.4.785
White, M. (2014). Generalized Variance Parameters for the 2010 National Survey of
College Graduates: New Cohort and Combined Cohort. Suitland, MD: U.S. Bureau
of the Census, Demographic Statistical Methods Division, Health Surveys and
Supplements Branch.
Williams,W.M., and Ceci, S. J. (2012).Whenwomen scientists choosemotherhood.
Am. Sci. 100, 138–145. doi: 10.1511/2012.95.138
Xie, Y., and Killewald, A. A. (2012). Is American Science in Decline? Cambridge, MA:
Harvard University Press. doi: 10.4159/harvard.9780674065048
Xie, Y., and Shauman, K. (2003). Women in Science: Career Processes and Outcomes.
Cambridge, MA: Harvard University Press.
Zwick, R. (1991).Differences in Graduate School Attainment Patterns Across Academic
Programs and Demographic Groups. Princeton, NJ: Educational Testing Service.
Conflict of Interest Statement:The authors declare that the researchwas conducted
in the absence of any commercial or ﬁnancial relationships that could be construed
as a potential conﬂict of interest.
Received: 16 October 2014; paper pending published: 13 November 2014; accepted: 08
January 2015; published online: 17 February 2015.
Citation: Miller DI and Wai J (2015) The bachelor’s to Ph.D. STEM pipeline no
longer leaks more women than men: a 30-year analysis. Front. Psychol. 6:37. doi:
10.3389/fpsyg.2015.00037
This article was submitted to Developmental Psychology, a section of the journal
Frontiers in Psychology.
Copyright © 2015 Miller and Wai. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.
Frontiers in Psychology | Developmental Psychology February 2015 | Volume 6 | Article 37 | 10
